Polycomb-group (PcG) proteins function to maintain gene silencing via histone modifications and are composed of the distinct polycomb repressive complexes (PRCs), PRC1 and PRC2. PRC2 contains EED, SUZ12, and the catalytic component EZH2 or its homologue EZH1, which have been shown to mediate the mono-, di-, and trimethylation of histone H3 at lysine 27 (H3K27me1/me2/me3; Cao et al., 2002) . PRC2 components have been characterized as regulators of hematopoietic stem cells (HSCs) as well as oncogenes (Sauvageau and Sauvageau, 2010; Sashida and Iwama, 2012) . Although Ezh2 is known to be dispensable for the self-renewal capacity of HSCs (Mochizuki-Kashio et al., 2011; Xie et al., 2014) , it is critical for the propagation of MLL-AF9-induced acute myeloid leukemia (AML; Neff et al., 2012; Tanaka et al., 2012) , and its overexpression has been shown to induce myeloproliferative neoplasms (MPNs) in mice (Herrera-Merchan et al., 2012) . Furthermore, genetic and functional studies identified activating mutations in EZH2 in malignant B cell lymphomas (Morin et al., 2010; Béguelin et al., 2013) , thereby supporting an oncogenic role for EZH2. However, loss-of-function mutations in EZH2 have also been identified in patients with myelodysplastic syndrome (MDS), MPN, and MDS/MPN diseases, which are clonal myeloid malignancies originating from HSCs (Shih et al., 2012) . Lossof-function mutations in EZH2 have been shown to predict significantly poorer clinical outcomes in patients with MDS and MPN (Bejar et al., 2011; Guglielmelli et al., 2011) . EZH2 is located at chromosome 7q36.1 and has recently been identified as one of the responsible genes for the pathogenesis of -7/7q-MDS (Kotini et al., 2015) . These genetic and clinical findings imply a tumor suppressor role for EZH2 in myeloid malignancies. We also previously demonstrated that the loss EZH2 is a component of polycomb repressive complex 2 (PRC2) and functions as an H3K27 methyltransferase. Loss-offunction mutations in EZH2 are associated with poorer outcomes in patients with myeloproliferative neoplasms (MPNs), particularly those with primary myelofibrosis (MF [PMF]). To determine how EZH2 insufficiency is involved in the pathogenesis of PMF, we generated mice compound for an Ezh2 conditional deletion and activating mutation in JAK2 (JAK2V617F) present in patients with PMF. The deletion of Ezh2 in JAK2 V617F mice markedly promoted the development of MF, indicating a tumor suppressor function for EZH2 in PMF. The loss of Ezh2 in JAK2 V617F hematopoietic cells caused significant reductions in H3K27 trimethylation (H3K27me3) levels, resulting in an epigenetic switch to H3K27 acetylation (H3K27ac). These epigenetic switches were closely associated with the activation of PRC2 target genes including Hmga2, an oncogene implicated in the pathogenesis of PMF. The treatment of JAK2 V617F /Ezh2-null mice with a bromodomain inhibitor significantly attenuated H3K27ac levels at the promoter regions of PRC2 targets and down-regulated their expression, leading to the abrogation of MF-initiating cells. Therefore, an EZH2 insufficiency not only cooperated with active JAK2 to induce MF, but also conferred an oncogenic addiction to the H3K27ac modification in MF-initiating cells that was capable of being restored by bromodomain inhibition. of Ezh2 promoted the development of MDS in mice in concert with the loss of Tet2 or RUNX1 mutants (Muto et al., 2013; Sashida et al., 2014) . MPNs are clonal hematopoietic malignancies that originate from HSCs and are characterized by the excess production of mature myeloid cells and active extramedullary hematopoiesis (EMH) such as in the spleen and liver (Tefferi, 2005) . The identification of a somatic activating mutation in JAK2 (JAK2 V617F ) in patients with MPN, including those with polycythemia vera (PV), essential thrombocytosis (ET), and primary myelofibrosis (MF [PMF] ), underlined the importance of the constitutive activation of the JAK-STAT signaling pathway in MPN pathogenesis (Baxter et al., 2005; Kralovics et al., 2005; Levine et al., 2007) . Several genetic studies using mouse models including our JAK2 V617F transgenic mice showed that the JAK2 V617F mutant impaired the self-renewal capacity of HSCs accompanied by enhanced apoptosis and a reduced proliferative capacity (Mullally et al., 2010; Lundberg et al., 2014; Kameda et al., 2015) . These findings support JAK2 V617F HSCs requiring additional genetic mutations that augment the proliferative capacity of JAK2 V617F HSCs. Correspondingly, although most patients with PMF harbor mutations in the JAK-STAT signaling pathway including JAK2 V617F , recent genome sequencing experiments revealed concurrent somatic mutations in epigenetic regulators such as TET2, ASXL1, and EZH2 (Shih et al., 2012) . Of these genes, the loss of Tet2 has been shown to rescue the impaired function of JAK2 V617F HSCs and augment their MPN-initiating capacity (Chen et al., 2015; Kameda et al., 2015) , indicating that concurrent gene mutations are critical for the initiation and maintenance of JAK2 V617F -induced MPNs. We previously examined the impact of the hematopoietic cell-specific deletion of Ezh2 on hematopoiesis. In addition to myelodysplastic features, the loss of Ezh2 induced increases in platelet counts accompanied by EMH and myeloid-biased hematopoiesis, reminiscent of the clinical phenotypes of patients with MPN (Mochizuki-Kashio et al., 2011; Muto et al., 2013) . Loss-of-function mutations in EZH2 have been detected in ∼10% of patients with MPN including PMF, and half of PMF patients with EZH2 mutations harbor the JAK2 V617F mutation (Guglielmelli et al., 2011; Nangalia et al., 2013) . A previous study demonstrated that Ezh2 mutations were independently associated with shorter survival in patients with PMF (Guglielmelli et al., 2011) . However, the role of EZH2 or PRC2 in the pathogenesis of PMF currently remains unclear. The PRC2 components SUZ12 and EED were recently shown to be frequently deleted or mutated in malignant peripheral nerve sheath tumors (MPN STs; De Raedt et al., 2014) . The loss of PRC2 is known to potentiate the effects of an NF1 deletion by amplifying Ras-driven transcription through enhanced H3K27 acetylation (H3K27ac) at transcriptional regulatory regions after the loss of H3K27me3. This epigenetic change has been shown to sensitize MPN ST cells to BRD4 inhibitors (De Raedt et al., 2014) . BRD4 is a member of the bromodomain and extraterminal (BET) family, the members of which bind to acetylated lysine and facilitate transcription (Filippakopoulos et al., 2010) . However, the efficacy of BRD4 inhibition on PRC2-insufficient tumors has not yet been determined in different types of tumors.
The loss of Ezh2 drives the pathogenesis of myelofibrosis and sensitizes tumor-initiating cells to bromodomain inhibition
In the present study, we found that the loss of Ezh2 markedly facilitated the progression of MF in JAK2 V617F transgenic mice. We demonstrated the effects of the loss of Ezh2 on JAK2
V617F
-induced MF as well as alterations in H3K27 modifications. We also determined the efficacy of JQ1, an inhibitor of BRD4, against Ezh2-deficient MF cells in vivo. The results obtained in the present study underlined the importance of additional genetic mutations cooperating with constitutively activated JAK-STAT signaling in the pathogenesis of PMF and also provided a novel therapeutic rationale to improve the clinical outcomes of PMF. ;Cre-ERT2 mice into lethally irradiated CD45.1 + WT recipient mice. We then deleted Ezh2 by activating Cre recombinase via an intraperitoneal injection of tamoxifen at 4 wk after transplantation (Fig. 1 a) . We hereafter referred to the recipient mice reconstituted with Ezh2 Δ/Δ mice. We confirmed the successful abolishment of Ezh2 transcription in cells lacking Ezh2 (Fig. 1 b) as well as significant reductions in H3K27me3 levels and modest elevations in H3K27ac levels in Lineage marker-negative (Lin − ) c-Kit + BM progenitor cells lacking Ezh2 (Fig. 1 c) . We then investigated whether the loss of Ezh2 promoted the progression of MF in JAK2 V617F transgenic mice, which develop lethal MF after a long latency. Consistent with our previous findings (Mochizuki-Kashio et al., 2011; Muto et al., 2013) , a complete blood count (CBC) analysis of transplanted mice revealed elevated platelet counts in Ezh2 Δ/Δ mice. JAK2 V617F /Ezh2 Δ/Δ mice showed leukopenia mainly caused by lymphopenia, severe anemia, and variable values of platelet counts at 2 mo after transplantation (4 wk after the deletion of Ezh2; Fig. 1, d and e). Among them, moribund JAK2
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V617F
/Ezh2
Δ/Δ mice developed lethal pancytopenia (Fig. 1 d) . We also noted a significant increase in the numbers of neutrophils and monocytes as well as the appearance of dysplastic red blood cells, characteristic features of PMF, in the peripheral blood (PB) of JAK2 V617F /Ezh2 Δ/Δ mice ( Fig. 1 f) . As previously reported (Shide et al., 2008) , JAK2 V617F mice developed lethal MF after a long latency (median survival 248.5 d), whereas WT and Ezh2 Δ/Δ mice did not develop any lethal hematological malignancies by 9 mo after transplantation ( Fig. 1 g) . In contrast, JAK2 V617F / Ezh2 Δ/Δ mice readily developed MF-like disease and died by 
Δ/+ (n = 9), and JAK2
V617F /Ezh2
Δ/Δ (n = 10) mice; three independent experiments were performed. ***, P < 0.0001 by the log-
V617F (n = 6), and JAK2
V617F
/Ezh2 Δ/+ (n = 9) mice 4 mo after the deletion of Ezh2. (a, d, e, and h) Bars and asterisks show the mean ± SEM and *, P < 0.05; **, P < 0.01; and ***, P < 0.001 by the Student's t test; two independent experiments. (b and c) Data are shown as mean ± SD; two independent experiments. 3 mo after the deletion of Ezh2 (median survival 76.5 d, P < 0.0001 vs. JAK2 V617F mice; Fig. 1 g) . Although JAK2 V617F mice initially showed severe leukopenia and thrombocytopenia 2 mo after transplantation (Fig. 1 d) , gradual increases in white blood cell and platelet counts were observed in the PB and anemia occurred during the development of MF (Fig. 1 h) , as previously reported (Shide et al., 2008) Fig. 1 g) , it further enhanced leukocytosis and thrombocytosis and promoted anemia (Fig. 1 h) . Thus, the loss of Ezh2 severely compromised hematopoiesis and profoundly facilitated the development of a lethal disease in the presence of the JAK2 V617F mutant. 
/Ezh2
Δ/Δ mice than in WT mice (Fig. 2 e) . In contrast, the frequencies of LSK hematopoietic stem and progenitor cells (HSPCs [LSKs/HSPCs]) and granulocyte/macrophage progenitors (GMPs) in the BM were higher in JAK2
V617F
/Ezh2
Δ/Δ mice than in WT mice (Fig. 2, f and g ). Nonetheless, because of the significant reduction in total BM cells, the absolute numbers of LT-HSCs and HSPCs were significantly reduced in JAK2 /Ezh2 Δ/Δ mice than either mutation alone (Fig. 2, h and i) . Thus, the loss of Ezh2 promoted the commitment of HSCs into myeloid lineages but impaired the production of mature erythroid cells by enhancing apoptosis in the presence of the JAK2 V617F mutant. PMF patients exhibit splenomegaly caused by EMH. As we and other groups have reported (Mullally et al., 2010; Lundberg et al., 2014) Δ/Δ mice than in JAK2 V617F mice (Fig. 3 c) 
Δ/Δ mice (Fig. 3 d) . Given that constitutive elevation of thrombopoietin (TPO) was sufficient to develop MF in mice (Kakumitsu et al., 2005) , we assessed levels of TPO in the serum and found that JAK2
V617F /Ezh2
Δ/Δ mice had significantly decreased levels of TPO compared with WT mice (Fig. 4 a) . Given that Ezh2 loss enhanced production of IL-6 in an MDS model induced by an oncogenic RUNX1 mutant (Sashida et al., 2014) , we examined expression of inflammatory cytokines and found that the levels of IL-6 and IL-1β were elevated in JAK2
V617F
/Ezh2
Δ/Δ MEPs (Fig. 4 b) , which may contribute to the promotion of fibrosis.
We next performed a functional assay to determine whether JAK2
V617F /Ezh2
Δ/Δ cells were transplantable and developed MF in secondary recipient mice. It has been reported that the spleens of PMF patients contain long-term repopulating HSCs (Wang et al., 2012) . We also confirmed that both BM and spleen cells of JAK2
Δ/Δ mice developed MF in sublethally irradiated CD45.1 + recipient mice (not depicted). To further assess the repopulating capacity of JAK2
V617F
/Ezh2
Δ/Δ HSPCs, we purified 2,000 LSKs from BM and spleen of WT and JAK2
V617F /Ezh2
Δ/Δ mice and transplanted them into lethally irradiated mice together with 2 × 10 5 CD45.1 + WT competitor cells. WT BM LSKs repopulated hematopoiesis better than did WT spleen LSKs in the PB and BM of the recipient mice ( 
/Ezh2
Δ/Δ mice.
Megakaryocyte-restricted deletion of Ezh2 contributed to the aggressive phenotype of JAK2
V617F
-induced MF The dysplastic megakaryocytes observed in PMF were previously suggested to promote the formation of fibrosis via the excessive production of cytokines and eventually impair hematopoiesis (Tefferi, 2005) . Because the loss of Ezh2 combined with the expression of JAK2 V617F markedly enhanced the production of dysplastic megakaryocytes in vivo, we determined whether the megakaryocyte-restricted loss of Ezh2 was sufficient to induce MF in the presence of JAK2 V617F . To achieve this, we used Pf4-Cre transgenic mice, in which Cre-recombinase was driven from the promoter of the Pf4/ Cxcl4 gene specifically expressed in megakaryocyte-com- mitted progenitors and mature megakaryocytes (Tiedt et al., 2007 MkΔ/Δ , respectively). We confirmed significantly reduced expression of Ezh2 in MkPs but not in GMPs (Fig. 5 a) . A mild reduction in Ezh2 expression was also observed in LSKs, suggesting leaky expression of Cre in HSPCs, probably in a portion of HSPCs whose cell fate is biased to the megakaryocytic lineage (Yamamoto et al., 2013; Haas et al., 2015) . In contrast to the pan-hematopoietic deletion of Ezh2, no significant change was observed in platelet counts in Ezh2
MkΔ/Δ mice ( Fig. 5 b) . JAK2 V617F and JAK2
V617F /Ezh2
MkΔ/Δ mice both developed more severe anemia than WT mice 5 mo after transplantation (Fig. 5 b) . Although neither JAK2 V617F nor Ezh2 MkΔ/Δ mice showed splenomegaly, JAK2
MkΔ/Δ mice developed severe splenomegaly 5 mo after transplantation (Fig. 5 c) . Consistent with EMH in the spleen, the frequencies of LSKs and MkPs in the spleen were higher in JAK2
V617F
/Ezh2
MkΔ/Δ mice than in WT mice (Fig. 5 d) 
Δ/Δ mice, we first performed a gene expression analysis of LSKs and MEPs isolated from the primary recipients 2 mo after transplantation. An integrative analysis identified a set of 1,079 and 1,773 genes that were differentially expressed in JAK2 V617F
Δ/Δ LSKs and MEPs relative to their WT counterparts, respectively (Fig. 6 a) . As expected, there was a significant overlap of differentially expressed genes between JAK2 Δ/Δ LSKs and MEPs (Fig. 6 a) . However, hierarchical clustering based on the microarray data of all genes placed JAK2 V617F /Ezh2 Δ/Δ MEPs apart from the other cell populations (Fig. 6 b) Δ/Δ MEPs again apart from the others (Fig. 6 c) . As the constitutive activation of JAK-STAT5 signaling is critical for the development of MPN, we analyzed the behaviors of target genes in LSKs by using Gene Set Enrichment Analysis (GSEA; Subramanian et al., 2005) . We found that STAT5A target genes in human CD34 + HSPCs (Stat5 up-regulated genes) were positively enriched not only in JAK2 V617F LSKs, but also in Ezh2 LSKs than in WT LSKs (Fig. 6 d) . Similar results were also observed for Ezh2 Δ/Δ and JAK2 V617F /Ezh2 Δ/Δ MEPs relative to WT MEPs (not depicted). In addition, we confirmed up-regulation of canonical Stat5 targets such as Ccl2 and Il7r in Ezh2-null LSKs by quantitative RT-PCR (qRT-PCR; not depicted). To assess functional activation of Stat5 in these cells, we performed intracellular flow to examine phospho-Stat5 levels. Consistent with the enhanced expression of Stat5-target genes, we observed significant elevation in phospho-Stat5 levels in not only in JAK2 V617F LSKs but also Ezh2 Δ/Δ LSKs in response to IL-3 stimulation (Fig. 6 e) , and similar results were observed in Lin In an attempt to understand changes in the gene expression profile of JAK2 V617F /Ezh2 Δ/Δ HSPCs in more detail, we performed GSEA using a canonical PRC2 target gene set that was defined by the chromatin immunoprecipitation (ChIP)-sequencing (ChIP-seq) of H3K27me3 modification in WT LSK HSPCs (Table S1 ). The positive enrichment of canonical PRC2 targets was significantly greater in Ezh2 Δ/Δ LSKs than in WT LSKs, regardless of the presence of JAK2 V617F (Fig. 6 f) . In contrast, canonical PRC2 targets were negatively enriched in JAK2 V617F LSKs (Fig. 6 f) . We next used the gene sets generated from distinct hematopoietic cell fractions in GSEA. As we reported previously, the loss of Ezh2 did not compromise HSC function and the expression of HSC signature genes (Chambers et al., 2007) was largely retained (Fig. 6 g ). In contrast, because the JAK2 V617F mutant impairs HSC function, as described pre- , and JAK2 V617F /Ezh2 Δ/Δ mice (n = 3 each). (a, b, and e-i) Bars and asterisks show the mean ± SEM and *, P < 0.05; **, P < 0.01; and ***, P < 0.001 by the Student's t test; two independent experiments. Bars: (c) 50 µm; (d) 10 µm.
viously (Kameda et al., 2015) , the expression of HSC signature genes was significantly compromised in JAK2 V617F LSKs (Fig. 6 g) . Correspondingly, the negative enrichment of HSC signature genes was greater in JAK2 V617F /Ezh2 Δ/Δ mice than in WT mice but was lower than that in JAK2 V617F mice (Fig. 6, g and h) , implying that the loss of Ezh2 partly restored the impaired function of JAK2 V617F HSCs. Furthermore, as indicated by the principal component analysis (Fig. 6 c) , the gene set of MkPs (Pronk et al., 2007) was positively enriched in JAK2 V617F
Δ/Δ LSKs only (Fig. 6 g ). These results indicated that JAK2 V617F and the loss of Ezh2 cooperated to activate the transcriptional program driving megakaryopoiesis in HSPCs.
Alteration in H3K27me3 upon the loss of Ezh2 resulted in the activation of specific oncogenes
We performed ChIP-seq of H3K27me3 in purified LSKs isolated from WT and JAK2
V617F /Ezh2
Δ/Δ mice 1-2 mo after the deletion of Ezh2 to understand how epigenetic modifications were altered to reprogram transcriptional profiles in HSPCs upon the induction of JAK2 V617F followed by the loss of Ezh2. We first assessed H3K27me3 levels at promoter regions between 2.0 kb upstream and downstream of the transcription start sites (TSSs) of RefSeq genes. As expected, the level of H3K27me3 in JAK2 V617F
/Ezh2
Δ/Δ LSK cells was significantly lower than that in WT LSKs (Fig. 7 a) , and 2,073 genes showed lower levels of H3K27me3 in JAK2 Δ/Δ mice (n = 5-9) 4 wk after the deletion of Ezh2. (a, b, and d) Bars and asterisks show the mean ± SEM and *, P < 0.05; **, P < 0.01; and ***, P < 0.001 by the Student's t test; two independent experiments.
Ezh2
Δ/Δ LSKs than in WT LSKs (Fig. 7 b) . Furthermore, the genes in the MkP gene set, which was positively enriched in JAK2
V617F
/Ezh2
Δ/Δ LSK cells (Fig. 6 g ), led to significantly lower H3K27me3 levels in JAK2
V617F
/Ezh2
Δ/Δ LSK cells than in WT LSK cells (Fig. 7 c) , suggesting that the majority of megakaryocytic genes were transcriptionally repressed by Ezh2 in LSK HSPCs.
We then attempted to determine how the loss of Ezh2 impacted oncogene expression associated with the propagation of MF. Among 2,073 genes losing H3K27me3 in JAK2 V617F /Ezh2 Δ/Δ LSKs (Fig. 7 b) , we found that 243 genes were highly derepressed, which included several potential oncogenes such as Hmga2, Mlf1, and Pbx3 ( Fig. 7 d and Table  S2 ) in a manner similar to our previous observation in Tet2 KD/
KD
Ezh2
Δ/Δ MDS cells (Muto et al., 2013) . The expression of Hmga2 was significantly elevated upon the loss of Ezh2 in LSKs and MEPs regardless of the presence of JAK2 V617F , and its activation was more evident in MEPs, in which Hmag2 physiologically undergoes transcriptional repression (Fig. 7, e  and f) . The transduction of Hmga2 in WT HSCs has been shown to promote megakaryopoiesis (Oguro et al., 2012) ; therefore, we examined the effects of the ectopic expression of Hmga2 in combination with JAK2 V617F on the production of megakaryocytes. The transduction of Hmga2 in WT HSCs promoted the cell growth and increased the frequencies of megakaryocytes in culture in the presence of SCF and TPO (Fig. 7, g-i) . In contrast, overexpression of Hmga2 in JAK2
V617F
HSCs, which showed limited proliferation in culture, did not enhance cell growth (Fig. 7 g) . Instead, it markedly promoted the megakaryocytic differentiation of JAK2 V617F HSCs and induced dysplastic megakaryocytes characterized by loose lobulation and various size (Fig. 7 , h and i). These findings implicate the derepressed Hmga2 in the expansion of abnormal megakaryocytes in JAK2 V617F /Ezh2 Δ/Δ mice. This result appeared to be relevant to the activation of HMGA2 in CD34 + HSPCs in patients with PMF (Guglielmelli et al., 2007; Harada-Shirado et al., 2015) . Collectively, these results demonstrated that the loss of Ezh2 in the presence of the JAK2 V617F mutant reduced H3K27me3 levels and induced the activation of oncogenic Ezh2 targets such as Hmga2.
Inhibition of BRD4 abrogated the MF-initiating capacity of JAK2
V617F
/Ezh2-null cells The loss of SUZ12 has been shown to promote the consequential gain of H3K27ac after the loss of H3K27me3 in MPN ST cells (De Raedt et al., 2014) . In the present study, we also noted a global elevation in H3K27ac in Ezh2-null hematopoietic cells (Fig. 1 c) . To understand how the altered H3K27me3 modification at transcriptional regulatory regions facilitated the pathogenesis of MF, we investigated whether JQ1, a Brd4 inhibitor (Filippakopoulos et al., 2010) , perturbed the development of MF in JAK2 V617F /Ezh2 Δ/Δ mice. First, to determine whether there is a therapeutic specificity of JQ1 to mutant cells, we generated chimeric mice engrafted with CD45.1 + WT cells and CD45.2 + mutant cells and treated them with JQ1 (45 g/kg/day) every other day for 2 wk (Fig. 8 a) . Notably, mutant cells were more susceptible to JQ1 treatment compared with coexisting WT cells, and among mutants, JAK2
V617F /Ezh2
Δ/Δ cells showed the best response to JQ1 (Fig. 8 b) , suggesting that there is a Δ/Δ mice intraperitoneally every other day for 2 wk ( Fig. 8 c) . No significant differences were observed in hemoglobin levels between JQ1-treated WT mice and control WT mice; however, JAK2 V617F /Ezh2 Δ/Δ mice showed advanced anemia after the JQ1 treatment (Fig. 8 d) . The JQ1 treatment did not significantly prolong the survival of JAK2 V617F /Ezh2 Δ/Δ mice over nontreated mice, possibly because of severe anemia after the JQ1 treatment (85 d vs. 75.5 d, P = 0.088, n = 6 each). However, advanced fibrosis in the BM was more attenuated in JQ1-treated JAK2
Δ/Δ mice than in nontreated JAK2 V617F /Ezh2 Δ/Δ mice (Fig. 8 e) . Spleen size was significantly smaller in JQ1-treated JAK2
Δ/Δ mice than in nontreated JAK2
V617F
/Ezh2
Δ/Δ mice at 4 wk after treatment (Fig. 8 f) , indicating that JQ1 profoundly suppressed EMH in JAK2 Δ/Δ mice (Fig. 8 g) . To evaluate the effects of JQ1 on MF-initiating cells in JAK2 V617F
Δ/Δ mice, we transplanted 10 6 spleen cells isolated from JQ1 or DMSO-treated WT mice and JAK2
V617F /Ezh2
Δ/Δ mice into sublethally irradiated CD45.1 + recipient mice (Fig. 8 c) . JQ1 treatment did not compromise the repopulating capacity of WT spleen cells, which contributed to the PB cells as well as LSKs in the BM and spleen of the recipient mice at comparable levels with DMSO-treated cells (Fig. 8, h and i) . In contrast, JQ1-treated JAK2 V617F 
/Ezh2
Δ/Δ cells barely contributed to the repopulation of recipient hematopoiesis, particularly Mac1 + myeloid cells in the PB cells and LSKs in the BM and spleen of the recipient mice, whereas DMSO-treated JAK2
V617F /Ezh2
Δ/Δ cells established significant levels of repopulation (Fig. 8, h and i). These results indicated that the administration of JQ1 abrogated MF-initiating cells in JAK2 V617F
/Ezh2
Δ/Δ mice. To understand how JQ1 altered H3K27ac modifications in the absence of Ezh2 and impaired MF-initiating capacity, we performed ChIP-seq for H3K27ac using purified LK cells because of the paucity of cells recovered after the JQ1 treatment. Although JQ1-treated JAK2
V617F /Ezh2
Δ/Δ cells showed significant but mild elevation in H3K27ac levels at the enhancer regions defined in HSPCs (Lara-Astiaso et al., 2014) relative to the nontreated cells (Fig. 9 a) , H3K27ac levels at the promoter regions were significantly lower in JQ1-treated cells than in the nontreated cells (Fig. 9 a) . A set of 7,827 genes showed reduced H3K27ac levels at the promoter regions that were more than twofold lower in JQ1-treated LK cells than in nontreated LK cells (Fig. 9 b) and thus were defined as JQ1 targets (Table S1 ).
These results indicated that JQ1 markedly decreased H3K27ac levels at the promoter regions, at least in this context.
We next performed GSEA in LSK cells isolated from JAK2
Δ/Δ mice immediately after completion of the JQ1 treatment. Although BRD4 inhibition has been reported to repress c-Myc-dependent transcription in specific types of tumors including AML cells (Dawson et al., 2011) , c-Myc targets did not show significant negative enrichment in JQ1-treated LSKs relative to DMSO-treated LSKs (not depicted), implying that BRD4 inhibition suppressed disease-initiating cells in a c-Myc-independent manner. As reported in MPN ST cells, GSEA clearly revealed the greater transcriptional repression of PRC2 target genes in JQ1-treated LSKs than in nontreated LSKs (Fig. 9 c) , indicating that H3K27ac-mediated transcriptional activation was largely responsible for the activation of PRC2 target genes in this context. Indeed, JQ1 targets, which lost H3K27ac levels more than twofold in JQ1-treated LK cells, were overlapped with most of the canonical PRC2 target genes (Fig. 9 d) . Correspondingly, JQ1-treated cells showed significantly lower levels of H3K27ac at the promoter regions of PRC2 targets in LK cells than nontreated LK cells (Fig. 9 e) . Given the importance of Hmga2 in the pathogenesis of MF, we next focused on the Hmga2 locus and confirmed significant reductions in H3K27ac levels at the promoter regions in JQ1-treated JAK2
Δ/Δ LK cells (Fig. 9 f) . Consistent with the reduction observed in H3K27ac levels, the expression of Hmga2 was specifically lower in JQtreated MEPs, which reside in the LK fraction but not in LSK cells, than that in DMSO-treated cells (Fig. 9 g) . The administration of JQ1 did not repress the expression of Hmga2 in either of the WT cells (Fig. 9 g ). GSEA also showed that the MkP gene set became negatively enriched in JAK2 V617F / Ezh2 Δ/Δ LSKs upon the JQ1 treatment relative to that in DMSO-treated cells (Fig. 9 h) . Functional annotation based on Gene Ontology (GO) biological processes showed that the enrichment of genes that fell into categories such as cell cycle, RNA processing, translation, and DNA damage repair was significantly greater in JQ1-treated cells than in the nontreated cells (Fig. 9 i) . Collectively, the activation of genes in these biological processes together with down-regulation of oncogenic Ezh2 target genes may have abrogated the MF-initiating capacity of JAK2
Δ/Δ cells after the JQ1 treatment.
DIS CUS SION
In the present study, we demonstrated that the deletion of Ezh2, a frequently mutated gene in MPN patients, promoted the development of JAK2
V617F
-induced MF in vivo. MPN is now recognized as a disorder with augmented intracellular signaling because the majority of patients harbor activating mutations in genes regulating JAK-STAT signaling (e.g., JAK2 or c-MPL) or CALR (Klampfl et al., 2013; Nangalia et al., 2013) . However, recent genome-wide sequencing studies revealed frequent co-occurring mutations in epigenetic regulators such as TET2, ASXL1, and EZH2 (Shih et al., 2012) . Loss-of-function mutations in EZH2 have been identified in ∼10% of patients with PMF (Guglielmelli et al., 2011) . We previously reported that Ezh2-deficient mice showed MPN-like phenotypes, such as increased platelet counts with EMH and myeloid-biased hematopoiesis at the expense of lymphopoiesis (Mochizuki-Kashio et al., 2011; Muto et al., 2013) . In the present study, we determined the individual and combinatory effects of JAK2 V617F and the loss of Ezh2 on hematopoiesis.
PMF is a clonal hematopoietic disorder that is characterized by excessive fibrosis and impaired hematopoiesis accompanied by EMH. In the presence of JAK2 V617F , the loss of Ezh2 caused progressive fibrosis accompanied by the expansion of dysplastic megakaryocytes in the BM and spleen, resulting in hypocellular BM and enhanced EMH in the spleen. The loss of Ezh2 also promoted the output of mature myeloid cells but severely impaired erythropoiesis in part by enhancing apoptosis in erythroblasts. However, the JAK2 V617F / Ezh2
Δ/Δ mouse model differs from PMF patients in its milder to more modest fibrosis than that in PMF patients. Nevertheless, JAK2
V617F /Ezh2
Δ/Δ cells developed lethal MF with a markedly shorter latency than JAK2 V617F cells, and MF-initiating capacity was retained in the secondary recipients in a competitive setting. Because EZH2 mutations independently predict poorer outcomes in patients with PMF (Guglielmelli et al., 2011) , JAK2
Δ/Δ mice recapitulate the pheno- V617F alone. A previous study reported that the acquisition of the JAK2 V617F mutation alone was not sufficient for HSCs to initiate hematological malignancies in vivo (Mullally et al., 2010) . We and another group demonstrated that additional mutations such as TET2 mutations augmented the self-renewal capacity of JAK2
V617F
HSCs (Chen et al., 2015; Kameda et al., 2015) . However, it is important to note that the order of the acquisition of JAK2 and TET2 mutations has been shown to affect clinical features, the biology of disease-initiating cells, and clonal evolution in patients with MPN (Ortmann et al., 2015) . In the present study, we found that the down-regulated HSC signature in transcription in JAK2 V617F mice was markedly attenuated by the loss of Ezh2. Together with the prominent effects of the loss of Ezh2 in JAK2 V617F -induced MF, our results suggested that loss-of-function mutations in EZH2 augments the propagation capacity of JAK2 V617F MF-initiating cells in patients, thereby promoting their clonal evolution in a manner similar to TET2 mutations in JAK2 V617F MPN. We also noted that the majority of megakaryocytic genes were marked with H3K27me3 modifications by Ezh2 in LSK cells. However, MkP genes were positively enriched in JAK2 V617F /Ezh2-null LSKs only and not in Ezh2-null alone. These results indicated that JAK2 V617F and the loss of Ezh2 cooperated to activate the differentiation program for megakaryopoiesis. Correspondingly, Hmga2, one of the PRC2 target genes de-repressed in the absence of Ezh2, markedly enhanced the megakaryocytic differentiation of HSCs in concert with JAK2 V617F in cultures. This result is consistent with previous findings in which the overexpression of Hmga2 induced MPN in mice lacking Hmga2 3′UTR or Bmi1/ Cdkn2a double KO mice (Ikeda et al., 2011; Oguro et al., 2012) , thereby strongly supporting the importance of HMGA2 in the pathogenesis of PMF in patients harboring EZH2 mutations.
BM fibrosis observed in PMF is reactive and mediated by various inflammatory cytokines such as TGF-β at pathogenic cellular and extracellular levels (Tefferi, 2005; Tefferi et al., 2011) . Megakaryocytes and activated monocytes/neutrophils have been identified as a source of cytokines facilitating the formation of fibrosis, osteosclerosis, and angiogenesis in mouse models (Chagraoui et al., 2002; Zingariello et al., 2013) . Although the pan-hematopoietic deletion of Ezh2 led to the rapid progression of MF accompanied by the marked expansion of dysplastic megakaryocytes in JAK2 V617F mice, the megakaryocyte-restricted deletion of Ezh2 had a mild impact on the progression of MF and expansion of dysplastic megakaryocytes in JAK2 V617F mice. Given that JAK2
V617F /Ezh2
Δ/Δ mice also exhibited the expansion of myeloid cells, our results suggested the importance of functional cross-talk between megakaryocytes and myeloid cells in the pathogenesis of MF. The loss of Ezh2 may have an impact not only on megakaryocytes, but also on myeloid cells in this process. Further studies are needed to determine whether the pathogenic role of myeloid cells in the setting of the loss of Ezh2 is critical. The loss of PRC2 has been shown to promote the consequential gain of H3K27ac, a transcriptional activating signal that recruits bromodomain-containing reader proteins (e.g., BRD4), in some settings (Pasini et al., 2010) . A previous study demonstrated that the expression of SUZ12 increased H3K27me3 and decreased H3K27Ac in MPN ST cells lacking SUZ12, whereas its ablation decreased H3K27me3 and increased H3K27Ac (De Raedt et al., 2014) . BRD4 is a critical mediator of the positive transcriptional elongation complex of P-TEFb Yang et al., 2005) . BRD4 has been shown to recruit P-TEFb to promote the cell cycle transition (Yang et al., 2008) and activate c-Myc transcription (Rahl et al., 2010; Delmore et al., 2011) , resulting in enhanced proliferation. In the present study, we also observed a mild increase in global H3K27ac levels in the setting of the loss of Ezh2. Importantly, JAK2
Δ/Δ cells appeared to be more sensitive to JQ1, a bromodomain inhibitor (Filippakopoulos et al., 2010) , and JQ1 profoundly compromised the MF-initiating capacity. A broad range of gene promoters showed a significant reduction in H3K27ac levels in JQ1-treated LK cells including the majority of PRC2 target genes. As a consequence, the expression of PRC2 targets as well as MkP genes was significantly down-regulated in JQ1-treated LSKs and MEPs. With the loss of Ezh2, the balance between H3K27me3 and H3K27ac modifications markedly changed at the promoter regions of PRC2 target genes, resulting in the de-repression of a list of PRC2 target genes including oncogenes such as Hmga2, whereas tumor suppressive PRC2 target genes were kept transcriptionally repressed or minimally transcribed. Once tumor-initiating cells adapt themselves to such conditions, they may become addicted to de-repressed oncogenic PRC2 target genes, thereby conferring sensitivity to bromodomain inhibition; however, it remains unknown how Brd4 inhibition reduced the levels of H3K27ac at promoter regions in JAK2 V617F
/Ezh2
Δ/Δ cells. BRD4 inhibition has been shown to abrogate AML cells harboring MLL-fusions in vivo, at least in part, by inhibiting critical oncogenes such as c-Myc (Dawson et al., 2011; Zuber et al., 2011) . How- Although we did not show any human data supporting our findings in this study, a significant portion of the PMF patients harbor both mutations (Guglielmelli et al., 2011; Nangalia et al., 2013) . Therefore, it is warranted to further examine how JAK2 and EZH2 mutations collaborate to promote the disease and validate the efficacy of the bromodomain inhibition in patients.
Our study provides a new rationale for the application of bromodomain inhibitors to PMF patients with inactivating mutations or deletions in PRC2. It will also be interesting to combine bromodomain inhibitors with agents targeting the JAK2-STAT signaling pathway in PMF patients. Further studies are needed to improve the poor outcomes of patients with PMF using these new agents. V617F transgenic mice (provided by K. Shimoda) were previously described (Shide et al., 2008) . Pf4-Cre mice were previously described (Tiedt et al., 2007) and purchased from The Jackson Laboratory. C57BL/6 mice congenic for the Ly5 locus (CD45.1) were purchased from Sankyo-Lab Service. All experiments using these mice were performed in accordance with our institutional guidelines for the use of laboratory animals and approved by the Review Board for Animal Experiments of Chiba University ;Cre-ERT2 mice were intravenously injected in 8.5-Gy-or 9-Gy-irradiated CD45.1 + mice. 4 wk after transplantation, 1 mg tamoxifen was administered via an intraperitoneal injection for five consecutive days to completely delete Ezh2 alleles.
MAT ERI ALS AND MET HODS
Retroviral transduction. pMYs-IRES-GFP and pMYsHmga2-IRES-GFP vectors were previously described (Kitamura et al., 2003) . Retrovirus infection into CD34
− LSK HSCs was performed as previously described (Sashida et al., 2014) . In brief, retrovirus-infected 50 HSCs were cultured in SF-O3 medium containing 50 ng/ml mouse SCF and 50 ng/ml human TPO.
Flow cytometry and antibodies. Flow cytometry and cell sorting were performed by using the following monoclonal antibodies: CD45.2 (104), CD45.1 (A20), Gr1 (RB6-8C5), CD11b/Mac1 (M1/70), Ter119, CD71 (R17217), CD127/ IL-7Ro (A7R34), B220 (RA3-6B2), CD4 (L3T4), CD8α (53-6.7), CD117/c-Kit (2B8), Sca-1 (D7), CD34 (MEC14.7), and FcγRII-III (93). These antibodies were purchased from eBioscience or BioLegend. The lineage mixture solution contained biotin-conjugated anti-Gr1, Mac1, B220, CD4, CD8α, Ter119, and IL-7Rα antibodies. Apoptotic cells were stained with an anti-Annexin V-APC antibody (550474; BD) and propidium iodide followed by the staining of cell surface markers to discriminate CD71 + Ter119 + cells. All flow cytometry analyses and cell sorting were performed on FAC SAria II or FAC SCanto II (BD).
Cytokine stimulation and intracellular phosphoprotein analysis. Freshly isolated BM cells were cultured in 0.5% bovine serum albumin/RPMI at 37°C for 1 h and were stimulated with mouse 10 ng/ml IL-3 for 10 min. To evaluate intracellular phospho-Stat5, cultured BM cells were fixed and permeabilized and then detected by anti-Stat5 (pY694)-Alexa Fluor 647 (612599; BD) antibody after staining cells with lineage mixture, streptavidin-APC-Cy7, Sca-1-PE, c-Kit-PE-Cy7, and CD45.2-FITC antibodies. All flow cytometry analyses were performed on FAC SCanto II.
qRT-PCR. qRT-PCR was performed on a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific) by using SYBR Premix Ex Taq II (Takara Bio Inc.) or FastStart Universal Probe Master (Roche) with a Universal Probe Library (Roche). Primer sequences (forward and reverse primers) and Universal ProbeLibrary (Roche) numbers are shown for Ezh2 (5′-CCA GAC TGG TGA AGA GTT GTT TT-3′/5′-CAA GGG ATT TCC ATT TCT CG-3′/#105), Hmga2 (5′-AAG GCA GCA AAA ACA AGA GC-3′/5′-GCC GTT TTT CTC CAA TGGT-3′/#26), and Gapdh (5′-ATG ACA TCA AGA AGG TGG TGA AG-3′/5′-TCC TTG GAG GCC ATG TAGG-3′). All data are presented as relative expression levels normalized to Gapdh expression.
Microarray analysis and data analysis. Total RNA was extracted from ∼2 × 10 5 pooled BM LSK cells (isolated from two to four mice per each genotype) using an RNeasy Plus Mini kit (QIA GEN). 20 ng of total RNA was mixed with more in JQ-treated LSK cells than in DMSO-treated LSK cells as determined by GSEA (gene sizes and FDR q-values are shown in the top and bottom x axes). (a and e) Boxes and whiskers show the mean and minimum to maximum. The asterisks show ***, P < 0.001 by the Student's t test. (c, h, and i) The normalized enrichment score (NES), nominal p-value, and false discovery rate (FDR) q-value are indicated. (a-f, h, and i) Experiments used cells from two individual mice per group. (g) Bars and asterisks show the mean ± SEM and *, P < 0.05 by the Student's t test; two independent experiments. spike-in controls using a One Color Spike Mix kit (Agilent Technologies), amplified, and labeled with Cyanine 3 using a Low Input Quick Amp Labeling kit (Agilent Technologies) according to the manufacturer's instructions. A microarray analysis using a SurePrint G3 Mouse GE Microarray 8 × 60K kit (Agilent Technologies) was performed according to the manufacturer's instructions. Raw data were deposited in Gene Expression Omnibus under the accession no. GSE69500. Hierarchical clustering and principal component analyses based on total gene expression were performed using MeV (Multiple Experiment Viewer) software.
Western blotting. Antibodies for Western blotting were as follows: anti-H3K27me3 (07449; EMD Millipore), anti-H3K27ac (ab4729; Abcam), anti-H3 (ab1791; Abcam), anti-Ezh2 (5246; CST), anti-Jak2 (3230; CST), and anti-β-Actin (sc-47778; Santa Cruz Biotechnology, Inc.). β-Actin and histone H3 were detected as loading controls.
ChIP-seq. ChIP assays were performed as previously described (Muto et al., 2013) . In brief, 10 5 pooled BM LSK cells (isolated from two to four mice per each genotype) were used for each immunoprecipitation. The following antibodies were used for the immunoprecipitation reactions: anti-H3K27me3 (07449; EMD Millipore) and anti-H3K27ac (ab4729; Abcam). ChIP-seq data have been deposited in the NCBI BioProject database under accession no. PRJ DB3992.
Sequencing data analysis. The ChIP-seq signal was quantified as the total number of reads per million. To evaluate the histone modification mark of each gene, normalized tag numbers in the region from 2 kb upstream to 2 kb downstream of the TSS were counted and divided by the tag number of the corresponding input. The RPKM (reads per kilobase of transcripts per million mapped reads) values of the sequenced reads were calculated every 5,000-bp bin with a shifting size of 500 bp using BEDTools to be visualized with the Integrative Genomics Viewer (IGV) genome browser. The read numbers of the immunoprecipitated samples were then normalized by subtracting the RPKM values of the input samples in each bin and converted to a bigwig file using the wigToBigWig tool. The super-computing resource was provided by the Human Genome Center, the Institute of Medical Science, the University of Tokyo (http ://sc .hgc .jp / shirokane .html). Canonical PRC2 target genes were defined as those with fold enrichment of H3K27me3 ChIP signals greater than twofold over the input signals (ChIP/input) in WT LSK cells (Table S1 ).
Statistical analysis. The statistical significance of differences was measured by unpaired two-tailed Student's t test or Mann-Whitney nonparametric test. All statistical tests were performed using Prism version 5 (GraphPad Software). All experiments were conducted and confirmed at least two replicates. 
